Seed protein content (SPC) is an important grain quality trait, which impacts the nutritional importance of pigeonpea seed in the diet of over a billion people globally. The present study was carried out to determine variation in SPC and its relationships with some agronomic traits among 23 parental lines of different types of pigeonpea mapping populations. The parental lines were evaluated under field conditions during 2014-2015 growing season. A randomised complete block design in two replications was used. Data were recorded on SPC, days to first flower (DTF), plant height at maturity (PltH), number of pods per plant (NPP), number of seeds per pod (NSP), hundred-seed weight (SW) and seed yield per plant (SY). There were significant differences among genotypes for all traits. Broad-sense heritability was 0.693 for SPC but ranged from 0.519 (NPP) to 0.999 (DTF) while genetic advance was 2.4% for SPC but ranged from 1.2 % (NSP) to 141.2 % (SY), and genetic gain ranged from 11.0 % (SPC) to 230.0 % (SY). Simple correlation showed that SPC is only significantly but negatively correlated with SW (r = -0.30, P < 0.05), while path analyses revealed that SPC is negatively associated SW and NPP but positively with DTF, PltH, NSP and SY. It is concluded that genetic variation for SPC and agronomic traits exist among pigeonpea genotypes studied. The variation is accompanied by both favourable and unfavourable relationships of SPC with the agronomic traits.
Introduction
Among food plants, grain legumes are a major source of dietary protein in the developing world (Iqbal et al., 2006; Akibode and Maredia, 2011) . For sustained supply of dietary protein, there is need not only to improve the agronomic practices but also to use crop cultivars which give reliable yields even under severe conditions (Foley et al., 2011) . In the scenario mentioned above, pigeonpea seems to be a promising crop as it is tolerant to heat and drought, and can give relatively better yields in marginal soils than any other food legume (Rao et al., 2010) . Pigeonpea is a sub-tropical and tropical grain legume, which has diverse uses including source of food, feed, fodder, building material and fuel wood. Pigeonpea also contributes to biological nitrogen fixation (Rao et al., 2010) . It is a cash crop that supports the livelihoods of millions of resources-poor farmers in Asia and Africa (Mula and Saxena, 2010) . Global annual production stands at ~4.5 million ton from ~5.4 million ha (FAOSTAT, 2017) . Despite the importance of pigeonpea as a source of dietary protein to more than one billion people globally, breeding objectives in the crop have for a long time almost entirely focused on increasing yield and crop adaptability (Odeny, 2007; Mligo and Craufurd, 2005; Upadhyaya et al., 2007) . Very little or no attention has been targeted at genetic enhancement of the nutritional quality such as seed protein content (SPC) of pigeonpea. A critical step to genetic improvement of any trait is the understanding of the level of genetic variation in the trait and the extent to which the trait relates with other traits of agronomic importance within a target set of genetic materials. A few studies have investigated variation of SPC in pigeonpea (Saxena et al., 2002; Upadhyaya et al., 2007; Sawargoankar, 2010) . Upadhyaya et al. (2007) reported mean SPC ranging from 19.7 to 20.3% among 310 germplasm collections while Sawargaonkar (2010) reported a range of 17.4 to 23.0% among 37 parental lines. Environmental effects on SPC have been reported to be generally large but genotype × environment interactions (GEI) are often small, with relative differences between genotypes being similar in several environments (Baudoin and Maquet, 1999; Saxena et al., 2002) . There are also few reports on the relationships of SPC with agronomic traits in pigeonpea (Saxena et al., 1987; Rekha et al., 2013) . Saxena et al. (1987) reported highly significant negative or positive correlations or no correlations between SPC and SW among 1,974 single F 7 plants from intergeneric crosses of pigeonpea. Similarly, Rekha et al. (2013) in an evaluation of 40 pigeonpea genotypes found a significant though small negative correlations between SPC and NSP, while correlation of SPC with SW, NPP and PltH were small, positive and nonsignificant. In other legume crops, Kulwal and Mhase (2017) observed strong positive correlation between SPC and SW in chickpea, while Lawn and Rebetzke (2006) reported significant negative correlation between SPC and SW in mungbean. Significant correlation between SPC and PltH also has been reported in pea (Burstin et al. 2007 ). The different reports on variation in SPC and its relationships with agronomic traits in pigeonpea and other legume crops show that the trait's variates including variance, heritability, and its relationships with other traits depend upon set of genotypes evaluated and environment in which they are tested. This therefore warrants continuous assessment of germplasms for variation in SPC and its relationship with agronomic traits of importance before applying specific materials in genetic improvement programs. To study trait variations, measures such as phenotypic and genotypic coefficients of variation (PCV and GCV, respectively) are often used in addition to estimates of heritability and genetic advance (GA). On the other hand simple correlation and path coefficient analyses are used for studying interrelationships among traits. Simple correlation indicates how change in the variance of one trait affects the change in the variance of the other trait regardless of cause and effect relationship. Unlike simple correlation, path coefficient analysis helps to measure the direct effect of one trait on another by separating correlation coefficient into direct and indirect components, which enables detection of the most influential traits. At ICRISAT, Patancheru, India, a number of different types of mapping populations including introgression lines (IL), nested association mapping (NAM), multiparent advanced generation intercross (MAGIC) and recombinant inbred lines (RIL) are being developed in pigeonpea for the identification of quantitative trait loci (QTLs) and molecular markers for various traits. These populations can also be used for dissecting genetic control of SPC, including marker-SPC associations, or even to directly select for lines with improved levels of the trait. However, the variation of SPC and its relationships with important agronomic traits among the parental lines are not known. The objectives of this study were to (i) characterize variability for SPC among 23 pigeonpea parental genotypes, and (ii) estimate correlation and path coefficients of SPC with seed yield and yield-related characters including seed weight, pod characters, plant height and days to flower.
Results

Performance of genotypes for seed protein content and agronomic traits
Mean square for each of the seven studied traits is presented in Table 1 . Highly significant (p≤0.01) differences existed among the 23 genotypes for all seven traits, and therefore genotype means were compared to determine differences. Mean, range and coefficient of variation (CV) values are presented in Table 2 ). Number of pods per plant (NPP) ranged from 31.7 (MN 1) to 582.3 (HPL 24) with a mean of 229.1 while number of seeds per pod (NSP) ranged from 2.9 to 4.6 with a mean of 3.5 (Table 2 ). Hundred seed weight (SW) ranged from 6.2 g/plant (ICP 7426) to 20.8 g/plant (ICP 7035) with a mean of 10.1 g/plant while seed yield per plant (SY) varied from 7.9 g/plant (MN 1) to 333.4 g/plant (ICP 7035) with a mean of 61.2 g/plant. The highest CV was shown by NPP followed by NSP, SY, SW, PltH, SPC and DTF. The relatively low CV values across traits (Table 2) is expected because the genotypes used in the study are highly inbred landraces or breeding lines.
Heritability, genotypic and phenotypic coefficients of variation and genetic gain
Whereas the mean, range and CV suggest the extent to which improvement can be made for a given trait they, however, depict nothing about effect of genotype on trait variation. Hence, in the present study, parameters such as genotypic (σ 2 ), environmental (σ 2 ) and phenotypic (σ 2 ) variances, GCV and PCV, broad-sense heritability (H 2 ) and genetic gain were estimated (Table 3) . In general, σ 2 and GCV were always close to σ 2 and PCV, respectively, with σ 2 always larger than σ 2 for all traits. This was also consistent with the generally high H 2 ranging from 0.519 for NPP to 0.999 for DTF (Table 3 ). There were small differences between PCV and GCV values for SPC and most of the other traits except NPP (Table 3 ). Although SPC showed high H 2 estimate (>0.60), the GCV and GA were low resulting in a relatively low genetic gain estimate for the trait. High H 2 with high GCV and high or moderate GA estimates for DTF, PH, SW, SY, NPP and NSP resulted in >50 % genetic gain (Table 3) .
Genotypic correlations and path analysis between SPC and agronomic characters
Results of simple genotypic correlations between SPC and agronomic traits is presented in Table 4 . Generally, SPC had negative correlations with all traits being significant only with SW (Table 4) . On the basis of path coefficient analysis results (Table 5) , all values of direct effects were below one, showing that increments resulting from multicollinearity were marginal. The values of direct path coefficient were relatively large and negative between SPC and NPP (-0.73) and SPC and SW (-0.68). It was positive and large between SPC and SY (0.63) but small between SPC and DTF (0.08), SPC and PH, and SPC and NSP. Indirect effects of agronomic traits on SPC were large and negative for NPP via SY, but positive for SW also via SY.
Discussion
The knowledge of genetic variation for a trait and trait correlations are important components of any breeding objective. SPC in pigeonpea is an important grain quality trait, and it impacts the nutritional importance of pigeonpea in the human diet. The range of SPC values obtained in the present study is within 12.0 to 30.0 % reported earlier among 1,974 germplasm accessions at ICRISAT (Remanandan et al., 1988) . It is also close to 15.9 to 24.1% reported recently among 300 germplasm collection from different altitudes of Kenya (Upadhyaya et al., 2007) . In general, the range in SPC values of 19.3 to 25.5% among the 23 genotypes may also be a reflection of the low genetic diversity within the cultivated pigeonpea gene pool that has been repeatedly reported (Saxena et al., 2002; Saxena et al., 2014) . Among the genotypes tested in this study, interspecific derivatives (HPL 24, HPL 28, HPL 31) from the cross between wild (C. scarabaoiedes) and cultivated (C. cajan) pigeonpea (Saxena et al., 2002) showed the highest SPC. This suggests that the wild accessions or their interspecific progenies could provide the needed source of high SPC genes for trait improvement. Landrace cultivars that showed comparable level of SPC included ICP 5529 (24.6%) and ICP 14486 (24.1%), and they are equally potential sources of desirable genes for improving SPC. The significant differences among pigeonpea genotypes in the present study indicate presence of variability for all traits measured. This is supported by the generally H 2 indicating influence of genetic factors on phenotype. Whereas heritability estimates can be used to predict the reliability of the phenotypic value as a guide to breeding value (Falconer and Mackay, 1996) , heritability alone does not reveal the extent of response to selection. H 2 along with GCV and GA provide reliable estimates of the amount of genetic gain to be expected through phenotypic selection (Burton, 1952 ). The combination of high H 2 , GCV, GA and genetic gain (%) for DTF, PltH, SY and NPP indicates that the variation in these traits is largely due to genetic factors, and selection would be effective for these traits. However, SPC as a core trait in this study had high H 2 but low GCV and low genetic gain estimates, depicting a low response to selection. Similarly, SW and NSP with high and moderate H 2 , respectively, had low genetic gain values indicative of a poor response to selection. Given the poor predicted response to selection based on SPC alone, determining the relationships of SPC with agronomic traits could provide an indication of which of the agronomic traits could be used to indirectly select for improved SPC. It could also pinpoint which of the agronomic traits affect SPC either positively or negatively, which in turn helps in deciding on appropriate selection or breeding strategy. Few studies have been conducted on the relationship of SPC with agronomic traits in pigeonpea. Results of simple genotypic correlations in the present study indicated that SW was the major trait that negatively influenced SPC in the set of genotypes tested. This observation is in agreement with that of earlier studies in pigeonpea (Saxena et al., 1987) , soybean (Filho et al., 2001) , mungbean (Afzal et al., 2003) , and cowpea (Asante et al., 2004 ) who reported significant negative correlations between SPC and SW but contrasts with results of other similar studies which reported either positive or no correlation between the two traits (Saxena et al., 1987; Filho et al., 2001; Rekha et al., 2013) . If only simple genotypic correlations were considered in the present study, SW would be the only agronomic trait that influences SPC but negatively in the set of pigeonpea genotypes tested. However, path analysis allocated the strongest negative direct effects on SPC to NPP and SW indicating that selection for increased NPP or SW would lead to reduced SPC. On the other hand the strong positive direct effect due to SY indicates that simultaneous selection for high SPC and high SY is possible, and is in agreement with conclusions from previous studies that selection for high SPC does not always lead to SY reduction in the grain legumes (Leleji et al., 1972; Brim and Burton, 1978; Wilcox and Cavins, 1995) . Similarly, through path coefficient analysis, a large negative indirect effect of NPP on SPC via SY was detected indicating that simultaneous selection for high NPP and SY would lead to reduced SPC. In a similar manner, SW had a large positive indirect effect on SPC also via SY indicating that simultaneous selection for increased SW and SY would lead to increased SPC.
Materials and methods
Plant material and field evaluation
Twenty three genotypes that were used in this study are presented in Table 6 . Twenty-one of the genotypes are parents of different types of mapping populations, including IL, MAGIC, NAM, and RIL being developed at ICRISAT, Patancheru, India. These parental lines are of unknown SPC, except HPL 24, which together with two other genotypes, namely HPL 31 and HPL 26 are known high SPC breeding lines developed from the cross between Cajanus cajan variety 'Baigani' and an accession of C. scarabaioedes (a wild relative of pigeonpea). HPL 31 and HPL 26 were included in the present study to allow comparison with parental lines of the mapping populations. To determine suitability of the mapping populations for genetic dissection of SPC and its relationships with agronomic traits, the 21 parental lines and the two high SPC breeding lines were evaluated under field conditions at ICRISAT, India. The experiment was laid out in a randomized complete design with two replications. Each of the 23 genotypes was planted in a single 4 m long row with inter-and intra-row spacing of 75 cm and 30 cm, respectively. All cultural practices were carried out as routinely done at ICRISAT.
Estimation of seed protein content
To estimate SPC, 10 g of mature dry clean seeds of each plant were analyzed at the Central Analytical Services Laboratory at ICRISAT, India. Before grinding, seeds were oven-dried at 60ºC for 48 hours. The dried seed samples were ground into powder in a mill with Teflon chambers. The ground samples were again kept in an oven at 60ºC overnight. Samples and appropriate blanks were digested simultaneously in duplicate (i.e. two independent analyses) using tri-acid digestion procedure as described in Upadhyaya et al. (2016) . Briefly, 1.0 g of the ground seed sample was transferred to a 75 ml digestion tube containing 10 ml of tri-acid mixture of nitric, sulfuric and perchloric acids in the ratio of 10:0.5:2 (v/v). The contents were cold-digested overnight in a digestion chamber. Colorless and clear digest were obtained by keeping the samples at 120ºC for 1 hour followed by digestion at 230ºC for 2 hours. After cooling, the digests were dissolved in distilled water and volume topped up to 75 ml and then mixed well by shaking. Aliquots were obtained from the digests and used to estimate the total nitrogen (N) using a San++Automated Wet Chemistry Analyzer (Skalar, Breda, The Netherlands). Seed protein content of a sample was estimated by multiplying its N (%) content by factor 6.25.
Scoring for agronomic traits
Besides SPC, data were also collected on DTF, PltH, NPP, NSP, SW and SY per plant. The DTF was scored daily as described in Craufurd et al. (2001) . Plant height was recorded as height in cm from the base to the tip of the plant. Number of pods per plant and number of seeds per pod were recorded as counts of number of pods on a plant and number of seeds per pod, respectively. Hundred-seed weight was recorded as weight of 100 dry, clean and healthy seeds in g, and SY was obtained by weighing all seeds from a plant in g.
Data analysis
Genotypic and phenotypic variation
All statistical analyses were performed using SAS statistical software v9.4 (SAS Institute, 2015) . Analysis of variance was carried out, and means were separated using Least Significance Difference (LSD) at 5%. Genotypic and phenotypic coefficients of variation were calculated as described in Singh and Chaudhary (1979) as follows:
(%) = (√σ 2 ⁄ )/× 100, and (%) = (√σ 2 ⁄ )/× 100, where and are the phenotypic and genotypic coefficients of variation, respectively, and 2 and 2 are the phenotypic and genotypic variances, respectively. Phenotypic and genotypic coefficients of variations were categorized as low (<10%), moderate (10-20%), and high (>20%) (Subramanian and Menon, 1973) . Broad-sense heritability (H 2 ) was estimated using the formula: 2 = (σ 2 σ 2 ⁄ ), where σ 2 and σ 2 are genotypic and phenotypic variances respectively. The heritability was placed into three categories of low (0-0.3), moderate (0.3-0.6) and high (>0.6) (Johnson et al., 1955) .
Genetic advance (GA) was obtained as: = 2 × √σ 2 × , where H 2 is the broad-sense heritability, σ 2 is the phenotypic standard deviation and K is the selection differential (2.06 at 5%). GA was converted to percent genetic gain as: = × 100, and categorized as low (0-10 %), moderate (10-20%) and high (>20%) (Johnson et al., 1955) .
Genetic correlation and path analyses
Genotypic correlations were calculated according to Falconer and Mackay (1996) Direct and indirect path coefficients were calculated using genotypic correlation coefficients following methods of Wright (1921) , with SPC considered as a response variable and DTF, PltH, NPP, NSP, SW and SY as causal variables.
Conclusion
There is variation for SPC among the pigeonpea genotypes used as parents of the mapping populations at ICRISAT although no large differences were detected, which is a possible reflection of the low genetic diversity that has repeatedly been reported within the cultivated pigeonpea gene pool. Although the H 2 and GCV for SPC were large, the genetic advance estimate was low resulting in low expected genetic gain. Nonetheless there is possibility of deriving desirable recombinants from biparental matings. Both favourable and unfavourable relationships exist between SPC and some of the agronomic traits with strong negative relationships of SPC with NPP and SW, which indicates that simultaneous selection for both high NPP and heavier seeds, or both NPP and high SY would lead to reduction in total SPC. However, simultaneous selection for high SY and high SPC, or for both high SW and high SY could result in increased SPC. An understanding of the genetic basis of the observed variation in SPC and its relationships with agronomic traits could facilitate the designing of efficient breeding strategies for improving SPC while maintaining other desirable agronomic attributes such SY and SW in pigeonpea. Because variations and relationships among traits are dependent upon the set of materials evaluated and the environment in which they are tested (Hamdi et al., 1991; Wray and Visscher, 2008) , re-evaluating the 23 and other potentially useful genotypes for SPC and agronomic traits in multiple sets of environments may be necessary.
